ABSTRACT
INTRODUCTION
Histones are subjected to post-translational modifications such as acetylation, phosphorylation, ubiquitination, and methylation. Methylation on specific lysine or arginine residues is carried out by distinct classes of enzymes. The CARM1/PRMT1 class of enzymes mediates arginine methylation, while the SET-domain containing enzymes mediates lysine methylation (1, 2) . In Saccharomyces cerevisiae, arginine methylation of histones has not been described, but the N-terminal tail of histone H3 is methylated at lysines 4 and 36. Set1 is the lysine 4 methylase, because lysine 4 methylation is abolished in a set1 deletion strain and the Set1 complex methylates lysine 4 in vitro (3) (4) (5) (6) . Set1 methylation of H3-lysine 4 is important for rDNA silencing (3, 7) . Lysine 36 methylation of H3 is mediated by Set2, and artificial recruitment of Set2 to a promoter results in transcriptional repression (8) . Unlike the case in higher eukaryotes, methylation of histone H3 at lysines 9 and 27, and methylation of histone H4 at lysine 20 are not observed in S. cerevisiae (1, 9, 10) .
Recently, S. cerevisiae Dot1 and the related human protein have been identified as histone methylases that specifically methylate lysine 79 within the globular domain of histone H3 (11) (12) (13) (14) . These studies demonstrate that histone H3 can be methylated outside the tail region, and they provide the first example of a non-SET domain protein that mediates lysine methylase activity. Based on the crystal structure of nucleosome, lysine 79 is a surface-exposed residue that is located within loop1 between helix 1 and helix 2 of histone H3 (15) . Dot1 methylates lysine 79 only in the context of nucleosomes, indicating that certain structural feature of nucleosome is required for enzymatic activity (11, 12) . A similar requirement for the nucleosomal configuration has been reported for Set2 and SET8/PR-SET7 (8) (9) (10) In yeast cells, either loss or overexpression of Dot1 results in impaired telomeric silencing (16) . Telomeric silencing is also disrupted by mutations of lysine 79 of histone H3 or by mutations that abolish the catalytic activity of Dot1, suggesting that Dot1 influences telomeric silencing largely through methylation of lysine 79 (11, 12) . This defect in telomeric silencing by on February 1, 2008 www.jbc.org Downloaded from might reflect an interaction between Sir proteins and lysine 79, because dot1 and lysine 79 mutations weaken the interaction of Sir2 and Sir3 with the telomeric region in vivo (11, 12) .
In Saccharomyces cerevisiae, histone H2B is mono-ubiquitinated at lysine 123 by Rad6 (17) , and Rad6 is important for telomeric silencing (18) . Unlike higher eukaryotes, ubiquitination of histone H2A has not been reported (19) , and mutations of the putative H2A ubiquitination site has no phenotypic effect (17) . Interestingly, Rad6-mediated ubiquitination of H2B-lysine 123 is required for methylation of H3 at lysine 4, a phenomenon termed transregulation (20, 21) . Here, we provide a second and related example of trans-histone regulation of histone modifications by showing that Rad6-mediated ubiquitination of H2B is also important for Dot1-mediated methylation of H3-lysine 79. A similar conclusion was reported in a recent paper that appeared while this manuscript was in preparation (22) . (24) . Strains expressing FLAG-tagged or K123R derivatives of H2B were generated by standard plasmid shuffling in strain FY406. The plasmid expressing FLAG-H2B was generated by using PCR to insert DNA encoding the (Fig. 1A) . Both modification sites are found on solvent accessible surfaces of the nucleosome (Fig. 1B) . These structural considerations and the fact ubiquitination of H2B-lysine 123 is required for methylation of H3 at lysine 4 (20) prompted us to investigate the relationship between Rad6-mediated ubiquitination of H2B-lysine and H3 methylation of lysine 79.
Dot1 is not required for ubiquitination of lysine 123 of histone H2B-In order to detect
the ubiquitinated form of histone H2B, we constructed a yeast strain with FLAG-tagged H2B as the only copy of H2B gene. The ubiquitinated histone H2B can be differentiated from the nonmodified form by Western blot analysis using an antibody against the FLAG epitope (Fig. 2) .
Deletion of DOT1 in this strain background does not alter the level of ubiquitinated histone H2B, while deletion of RAD6 leads to total loss of the slow migrating ubiquitinated form. Thus, lysine 79 methylation of H3 is not required for ubiquitination of bulk H2B in vivo.
Ubiquitination of histone H2B is required for efficient methylation of lysine 79 of histone
H3-To address whether ubiquitination of lysine 123 of histone H2B affects methylation H3 lysine 79, we analyzed strains harboring a rad6 deletion or a K123R mutation in H2B. Using an antibody that specifically recognizes dimethylated lysine 79 of H3 (12, 13), we observed a drastic loss in lysine 79 methylation of bulk histone H3 in both rad6 and K123R mutant strains ( Fig. 3A; lanes 2 and 4) . However, the level of lysine 79 methylation in these mutant strains is clearly above that of the dot1 mutant strain (lane 6) and is approximately 5% of the level observed in wild-type strains (lanes 1, 3, 5) . Importantly, the levels of Dot1 mRNA (Fig. 3B) and myc-tagged Dot1 protein (Fig. 3C) are not significantly changed in both rad6 and K123R 
Ubiquitination of histone H2B is not generally required for methylation of histone H3-
Our results on Dot1-mediated methylation of H3-lysine 79 are similar to the Rad6-dependent effects on H3-lysine 4 methylation (20, 21) , and hence provide a second example of transhistone regulation of histone modifications. Given the importance of H2B ubiquitination for H3 methylation by two distinct histone methylases (Set1 and Dot1), we addressed whether histone H2B ubiquitination is generally required for histone methylation. In S. cerevisiae, H3
is methylated at lysines 4, 36, and 79, while histone H4 has not been reported to be methylated, and we are unable to detect arginine methylation of H3 at residues 17 and 26 using antibodies against methylated peptides (data not shown). Methylation of lysine 36 is mediated by Set2 methylase (8) . Western blot analysis using an anti-dimethylated lysine 36 antibody indicates that the level of lysine 36 methylation is not altered in either rad6 or K123R mutant cells (Fig.   3D ). In addition, rad6 and H2B-K123R mutations do not affect bulk acetylation of histones (Fig. 1) , the simplest explanation is that Dot1 A potential problem with the explanation that Dot1 preferentially recognizes nucleosomes with ubiquitinated histone H2B is that, in yeast, the level of H2B ubiquitination is approximately 10% (17) , whereas the level of lysine 79 methylation is as high as 90% (11) . However, ubiquitination is a highly labile modification, and it is likely that the competing processes of histone ubiquitination and deubiquitination are in dynamic equilibrium, as is the case for histone acetylation (27) . In contrast, methylated lysines are stable, and it is unclear whether histones can be actively demethylated (28) . Thus, we speculate that methylation of H3-lysine 79 occurs primarily during the relatively limited times when H2B in the same nucleosome is ubiquitinated, but accumulates on most H3 molecules due to the stability of the modification. Alternatively, H2B ubiquitination might perturb the regional conformation within the nucleosome, which in turn serves as a favorable substrate for Dot1.
Loss of Rad6 and the H2B-K123R mutation of histone H2B lead to defective telomeric silencing (18, 20) . Loss of Dot1 and mutation of H3-lysine 79 significantly reduces telomeric silencing and the association of the Sir proteins at the telomeric ends (11, 12) . Our observation that rad6 and H2B-K123R mutant strains are severely defective for H3-lysine 79 methylation suggests the possibility that Rad6 affects telomeric silencing, at least in part, by influencing methylation of histone H3. A similar suggestion has been made for H3-lysine 4 (20, 21) .
Thus, ubiquitination of H2B-lysine 123 might be critical for silencing primarily (and perhaps exclusively) by virtue of trans-histone regulation of methylation at lysines 4 and 79. 
